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Recently, there has been a constant effort to make machines of smaller sizes 
down to micron and nanometer scales. Apart from difficulties in manufacturing, one 
great challenge facing these machines is that surface plays a major role in its
functioning. The related effects are stiction, adhesion, friction and wear (tribology). 
Most of the micron-sized moving machines are currently made of Si or some 
polymers which are tribologically inferior.
Due to large surface to volume ratios experienced by small objects, many 
devices fail due to the strong adhesion and friction forces acting at the surfaces, 
limiting their long-term operational cycles and commercial feasibility. Rotary micro-
electro mechanical systems experience significant rubbing, friction and wear at the 
interface. Self-assembled monolayers, widely used against stiction, are unable to 
withstand long-term shear conditions, and remove easily under high pressure surface 
contact. Liquid lubricants actually increases stiction.  Solid lubricants at contacting 
interface and magnetic levitation techniques are being studied, but challenges are the 
cost of fabrication as well as the ability to withstand long operating cycles. 
Micro-ball bearings, which are robust and possess low rolling friction, have 
shown great promise for reducing friction and increasing the lives of moving MEMS 
devices. Yet, this area requires further research in conducting long-term life cycle
tests for smaller-sized (< 100 µm) balls. Materials selection for the ball is also a major 
challenge.
A rotary tribometer with bottom plate rotating and top plate attached to a low 
friction bearing support and with a constant dead weight of 235 µN, was designed and 
built to quantify the lifecycle of these micro-ball bearings. Micro-ball bearings made 
of glass (borosilicate; Ø 53 7.3± µm) and polymer (polystyrene; Ø 50.7 0.2± µm) 
ix
materials were tested on circular silicon plates (diameter 15 mm). The tests were 
carried out both with and without channels on the bottom disk to compare the 
differences. The channel is 2.5mm wide with internal diameter of 6mm, 28 microns in 
depth. The aim was to investigate the possibility of the latter (balls rolling without 
channel) to deposit balls directly onto MEMS surfaces without the need for creating 
channel which complicates.
Numerical analysis was first carried out to estimate the critical rolling 
condition (rpm of the disk) and humidity that could allow the balls to stay on the 
surface due to surface forces without rolling off due to centrifugal force.
Subsequently, in the lifecycle test, the glass ball bearings rolling in the 
channels gave the most promising results of extremely low friction and life cycle 
exceeding 1 million cycles of rotation (500 RPM). Minimal wear, occasional fracture 
and melting of the glass micro-balls were found on the Si surfaces.
Tests on the polymer balls were not encouraging because polymer balls 
plastically deformed, changing from spherical to cylindrical. This was not conducive 
for rolling in a circular path. 
Finally, the major challenges in the experiments were found to be proper 
alignment of the rotating surfaces to avoid them contacting at the edges during the 
lifecycle tests. 
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1CHAPTER 1
SCOPE AND OBJECTIVES OF THE PROJECT
1.1 Introduction to the friction challenges of Micro Electro Mechanical Systems 
The greater reliability of microelectromechanical systems (MEMS) is creating 
new opportunities to make machines ever smaller in size. These machines involve parts 
which are moving and inevitably come into contact with each other. Due to high surface 
area to volume ratio, MEMS face challenges of high adhesion between the surfaces. The 
rubbing of these moving parts also causes frictional problems and wear. These issues 
need to be addressed before MEMS devices can operate with full capabilities and long 
lifecycle for commercialization (See Fig 1.1 below). The nature of these challenges are 
tribological, namely adhesion, friction, capillary and stiction phenomona in humid 
conditions, and wear [1-9]. 
Figure 1.1. a) Wear debris on the surface of a microengine operated to 600,000 cycles. b) FIB 
cross section through the worn region showing adhered surfaces caused by rubbing. The 
microengine failed by seizing of the gear.
(Source: picture from Jeremy A.Walraven [17], with permission from the publisher)
2To avoid these surface related problems, successfully commercialized MEMS are 
essentially designed to avoid dynamic contact, for example, Texas Instruments’s Digital 
Micromirror Device [10,70]. However, the drawback of these designs is the limited 
freedom of movement which has greatly limited their potential of being incorporated into 
other MEMS devices. These machines either utilize only the elastic deformation of the 
component for actuation or the sliding/rotating components are tribologically inefficient. 
As yet, there are still no viable or practical solutions to effectively solve the above-
mentioned problems [11-13]. 
Self-assembled monolayer (SAM) films have been instrumental in reducing 
adhesion and wear problems at the silicon interfaces. Yet, their wear performance and 
robustness for prolonged sliding cycles in harsher conditions are still questionable 
[4,5,13-18]. Moreover, specialized treatment of the surface is essential to obtain a 
uniform coat during the dip coating process [19].
Recently, MEMS fabricated silicon rotary elements for micro-motors, micro-
generators and micro-turbomachinery have received growing attention with applications 
in power conversion and actuation. The bearing mechanism is the primary determinant of 
device performance and reliability [20]. Both active (magnetic or electrostatic) [21] and 
passive bearings (center-pin bushings, hydrostatic or hydrodynamic bearings) have been 
investigated for rotary motion; however, no known successful commercial 
implementations are known due to poor reliability and short lifetimes. Active bearings 
have the advantage of being controlled during the operation but at the high cost of the 
accompanying circuitry. Passive bearings have been investigated heavily and span a large 
3range of velocities that include center-pin bushings with low revolution rates possible and 
hydrostatic or hydrodynamic bearings with high revolution rates possible. Contact 
passive bearing mechanisms have poor reliability characteristics and are limited to low 
speeds due to the high frictional forces of sliding motion [22].
The “micro-ball bearing” naturally becomes an ideal choice because it has a low 
rolling resistance when compared to sliding (see Fig. 1.2 below). The eventual success of 
any such technique, nevertheless, lies on the feasibility of the deposition step during 
fabrication, and in reliable performance with longer wear life. [5,23]. 
Figure 1.2: The figure shows the 53 micrometer glass microspheres adhering onto the silicon 
surface, taken at a 90o incline with the SEM.
1.2 Focus and objectives of the Project
The focus of this project is to study the feasibility, as well as lifecycle, of using 
microspheres, primarily a glass and a polymer, as ball bearings without the need for 
building individual channels for each ball. These micro-balls will be tested on silicon 
surface, a commonly used MEMS device. 
4The objective of the project is to show the ability of the microspheres to roll for 
prolonged rotational cycles from an engineering point of view (>1 million rotary cycles). 
This is being characterized by the duration (number of cycles of revolutions of the planar 
disk) the balls roll between two flat circular silicon plates with a dead weight load acting. 
A single wide circular channel had been created to compare the difference in the 
performances of the micro-ball bearings with and without the channel. 
A main channel is used for several practical reasons. Firstly, the use of a single 
wide channel necessarily means that the fabrication and implementation steps are easily 
incorporated. Secondly, the channel with step height equal to the radius of the microball 
will restrain the balls from going out of the interface due to the rotational dynamics of the 
interface.
A single channel that can accommodate all micro-balls simplifies the fabrication 
process of the MEMS components. 
1.3 Structure of the thesis. 
The structure of the thesis has been organized as follows. Chapter 2 covers 
literature review of related work that has been conducted on the rolling of micro and nano 
balls and also on the progress of the work done on the reduction of friction for MEMS. 
This is followed by a description of the building of a rotary test rig as well as designing 
the experiments to investigate the lifecycle of rolling the micro-ball bearings in Chapter 
3. Chapter 4 covers the experimental results of the lifecycle tests, optical imaging and 
5FE-SEM analysis of the silicon surface to characterize the failure mechanism of the 
micro-ball bearings. In Chapter 5, we discuss in detail the factors affecting the lifecycle 
of the various tests. In Chapter 6, the thesis ends with some important and specific 
conclusions drawn from this study, and in Chapter 7, we have recommended some future 




2.1 Introduction To MEMS
In December 1959, a lecture titled ‘There’s plenty of room at the bottom’ was 
presented by Feynman in which he threw out the challenge of a prize of $1000 for any 
person to build the first successfully operating electric motor less than 400 microns in 
length, breadth and height. In less than 12 months, such a motor was built, and this 
opened up the era for a whole new possibilities for MEMS devices [24].  
MEMS is a rapidly growing multi-disciplinary technology dealing with the 
fabrication of miniaturized machines mainly in the micrometer scale (10 – 100 microns). 
Due to the large surface-to-area ratio for micron sized components, surface and 
tribological effects becomes the dominant concern whereas gravity, and more generally, 
inertial forces become negligible[11, 25-31, 45].
Today, the fabrication of MEMS are mainly borrowed from the production of 
semi-conductor electronic devices. As a result, the most common material for MEMS is 
silicon. They are produced by a sequence of photolithography, chemical etching and 
deposition of further layers of materials.
There are two types of MEMS devices currently being used in the industry today:
71) The first type converts energy from mechanical to electrical domain, example, 
the MEMS accelerometer used to trigger vehicle airbags (Fig. 2.1) 
Figure 2.1: SEM image of a MEMS accelerometer air bag, a type of mechanical to electrical 
MEMS device. (Source of picture: [66] with permission from the publisher)
2) The second type converts electrical energy to mechanical, for example, the 
Texas Instrument Digital Micromirror Device, shown in Figure 2.2.
Figure 2.2: Texas digital micromirror, a type of electrical to mechanical MEMS device.
Source of picture: Texas Instrument, with permission. [67])
82.1.1 Tribological Challenges
The tribological challenges facing the second type of MEMS devices are friction 
and wear, as in the case of the micro-engine or the rotary stepper motor, both of which 
involves moving parts and frictional contacts between silicon interfaces (Fig. 2.3 & Fig. 
2.4b). Figure 2.4ai, aii and b shows tribological concerns for in-plane rotary hubs of 
micromotors and complex gear trains, and Figure 2.4c shows out-of-plane hinges. Both 
these in-plane and out of plane structures clearly involve moving parts in contact. As 
such, friction, stiction and wear at these interfaces become causes for concern. 
Figure 2.3: Evidence of wear in a plain journal bearing in a silicon MEMS device. (Tanner et al: 
Source [71] with permission from the publisher) 
Silicon, being a material with inferior tribological properties, has a high wear rate. 
Therefore, tribology becomes a huge issue for such devices. And, due to the amount of 
debris formed during operation causing contamination of the parts and failure, some 
researchers believe that the control of wear is a more crucial issue than friction itself. [4, 
71]
9Figure 2.4ai (Above): MEMS with rotary bearing surfaces and interlocking gears aii (Left):
planar mechanical linkage with several turning joints. (Source: Sandia National Laboratories [68]
with permission from the publisher) b (Right): An electrostatic MEMS motor. (Source: Fan 
Long-Shen et. al. [69] with permission from the publisher) c: Out of plane, hinged 
microstructures. (Source: Pister K S J, et. al [70] with permission from the publisher)
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There are generally 4 ways to overcome the frictional problems at the interface, namely:
1. choosing materials at the contacting surfaces with good tribological performance 
so that the friction and wear are within acceptable limits, example, depositing a 
layer of diamond like carbon (DLC) coating.
2. introducing a low shear strength layer between the solid components within which 
shear is accommodated, such a layer might be a solid, liquid or a gas; example, as 
in the case of the hydrodynamic or aerodynamic bearings. Another example is the 
use of solid  lubricants such as WS2 [36] or ultra-high molecular weight coatings 
[74].
3. A further solution involves introducing a third component, or components, such 
as rollers or balls, to convert the sliding motion into lower resistance rolling.
4. Finally levitating forces carrying the load might be produced by some externally 
applied magnetic or electrostatic field. [31]
The main focus of tribological research has been on the development of either
solid coatings, physically deposited or chemically grafted boundary lubricants. The 
reason is because these solutions are both tribologically acceptable and compatible with 
the constraints of the MEMS silicon fabrication route. However, the challenges facing 
such coatings are the high cost involved in solid coating, example diamond or carbon 
coating, and the inability of many boundary lubricants to remain well adhered on the Si 
surface. Additionally, the ability of these lubricants to withstand harsh operating 
conditions without being worn off are still being intensively studied [4,5,13-18]. 
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There are some explorations of magnetic and electrostatic levitation, and the 
potential for magnetic levitation has been successfully shown by Coombs [31]. Issues in 
this area are the magnetic stability during levitation, and the high precision needed for the 
production of the spacing of the magnetic layers. However, the stability of levitating 
MEMS devices involving long life cycles (1 million and above) are yet to be investigated  
[31,32].
As for introducing a ‘low shear layer’ between the interfaces, the problems are 
multi-fold. Firstly, at the microscopic level, shear stresses actually become unacceptably 
large in comparision to the machine driving force. Secondly, in a fully-flooded 
lubrication, the viscous drag on machine components running within the liquid phase 
leads to significant loss of energy. Capillary condensation at the surfaces of imperfection 
on the MEMS device causes the formation of meniscus bridges, causing high stiction and 
adhesion issues [33,34].
The above problems could be effectively solved by introducing roller and ball 
bearings onto MEMS surfaces, which happens to be the least studied method. Despite 
current challenges and limitations related to the deposition of these elements, we must not 
ignore the possibility of introducing such elements onto actual MEMS devices since the 
rolling resistances of these micro rolling elements are extremely low. It is also important 
to point out here that there is currently no one solution to cater for the wide range of 
tribological challenges facing MEMS devices. 
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2.1.2 Mico and Nano Rolling Elements
Many authors have already experimented with the idea of using nano sized 
spheres such as Fullerenes (C60, K60) [35] or nano balls (MoS2 and WS2), as ball bearings 
and lubricating agents in other industry [36]. The results show that despite the size of 
these balls in the atomic scale, the rolling mechanism prevails. Work conducted on the 
frictional characteristics of WS2 and MoS2 nanoballs by Rapoport et. al. [37,38] at high 
loading conditions however, shows plastic deformation to the nanoparticles, indicative of 
both sliding and rolling taking place. This shows that the loading conditions determine if 
‘rolling’ (low loading) or ‘rolling and sliding’ (high loading) mechanism dominates. Low 
friction in their case is also achieved by the peeling of WS2 or MoS2 layers which 
constitute these nanoballs. Moreover, MoS2, which has concentric layered structures 
resembling onions, is a well-known solid lubricant.
Rolling of carbon nano tubes (CNTs) with an average radius of 13.3nm have also 
been investigate for its tribological properties, and it has been found that the rolling 
mechanism again predominates [50]. Such results are promising for the use of nano 
rolling elements such as molecular bearings. Molecular dynamics simulation studies 
[35,39] on molecular nano-balls have also been conducted to study their potential in 
small machines. Their reliabilities under longer rolling cycles, especially in rotary cases, 
have not been investigated experimentally. From these simulation studies, we can see that 
ball bearings are robust and that they can help reduce wear due to rolling contact and thus 
eliminating sliding. Glass microspheres have been investigated by NASA as lubrication 
for space applications in journal bearings [40]. 
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2.1.3 Progress by researchers
Ghodssi et. al. [22] were the first researchers to test stainless steel micro-ball 
bearings, 285 microns in diameter, rolling in encapsulated silicon grooves (Fig. 2.5). One 
of the greatest challenge faced in rolling the micro ball bearings without cages for 
separation, is the jamming of the bearings balls [22]. As such, long lifecycles have yet to 
be attained.
Figure 2.5 Optical picture of a released silicon rotor supported by stainless steel balls at the 
periphery. A full compliment configuration was used with more than 60 balls. (Source: Ghodssi 
et. al. [22] with permission from the publisher)
 The frictional properties of microspheres were investigated by Godhissi [41-43] 
and Beerschwinger [23] for MEMS. Beerschwinger reported coefficient of rolling 
friction (conducted in linear motion) for glass microspheres (diameter around 40
microns) of about 0.05, whereas Godhissi’s data show a value of 0.01 for steel spheres 
(285 microns in diameter) (conducted in rotary motion). Other groups currently working 
on rolling elements include Kim et al. on cylindrical bearings [16] and Miura et al. on 
fullerenes nano-bearings [44]. Recently, the success of introducing polystyrene 
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microspheres as spacers in preventing stiction in MEMS marks the first time that 
microspheres are being deposited and successfully tested in actual MEMS devices [46].
2.1.4 Adhesion of microspheres onto surface
For dry conditions, surfaces forces due primarily to van der Waals forces between 
the two contacting surfaces are responsible for adhesion. For the case of microspheres, 
electrostatic forces are also present and could be dominant for particle size above 
approximately 50 microns. [46] The Johnson, Kendall, and Roberts (JKR) theory is used 
primarily to investigate soft spheres that are large with high surface energies (Fig. 2.6) 
[47]. The Derjaguin, Muller, and Toporov (DMT) model, on the other hand, is used to 
predict dry adhesion forces for small and hard spheres. [48]
Figure 2.6: This SEM Figure shows the strong surfaces forces of silica spheres of approximately 
1 to 5 microns in diameter. The scale bar in the image indicates 10 microns. (Source Derjaguin et. 
al. [48] with permission from the publisher)
The effect of humidity on MEMS devices has also been extensively studied. As 
the relative humidity increases from 0%, the adhesion, and hence, friction force, 
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increases. This is true for hydrophilic surfaces [55-57]. We see from the results below 
conducted by Biggs, et al. [55] that the pull-off-force, or adhesion removal force, is a 
function of relative humidity, and increases as humidity increases. This means that 
MEMS devices will encounter more friction and adhesion in humid conditions than in 
dry. The capillary force due to high humidity increases drastically when the relative 
humidity crosses 60-70% (Fig. 2.7).
Figure 2.7: The measure of pull-off forces as a function of the R.H.. All experiments were 
performed using a single glass sphere (radius = 15.5 micrometers). The points of each value are 
for repeat runs and indicate the errors involved in this type of experiment. A transition in 
behaviour is observed between the data collected at or below RH = 30% and those collected at or 
above RH = 69%.( Source: Biggs, et al. [55] with permission from the publisher)
Even though the surface adhesion forces are extremely high, the rolling friction, 
however, are of the order of a 100 times lesser than the adhesion forces for these micron 
and sub-micro sized spheres [53, 55]. Therefore, using microspheres as friction reducers 
is ideal and promising. On the other hand, the strong surface forces can serve to our 
advantage because they keep the micro bearing balls adhered to the surfaces it is 
supposed to roll on, theoretically negating the need for individual grooves or channels. 
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If the idea of using ball bearings, either with channels or without, can be proved 
to be a feasible solution for solving friction challenges in MEMS devices, then the 
opportunities for commercialization may be quickly realized. The potential for the use of 
MEMS devices in terms of new products, new generations of sensors and actuators, and 
possibly even in the field of energy and renewable resources, are immense [59,60].
2.2 Theory
In this section, we present theoretical models to determine the critical ball radius 
and critical rotational speed of the silicon plates to give us the range of parameters which 
we will be operating the experiment under. The model also shows us the feasibility of the 
conditions under which we can use these microspheres for MEMS as micro ball bearings, 
taking into account the surface forces and the centrifugal force.
The model developed by Rabinovich is used to determine the critical radius of the 
ball bearings below which we expect surface forces to hold the bearings to the silicon 
surfaces. 
We also use the model developed by Dominik and Tielens [58] to determine the 
critical rotational speed beyond which the centrifugal force will cause the ball bearing to 
spiral out of the rotating silicon plates. To simplify the analysis, the effects of 
aerodynamics will be ignored, and only the effect of the centrifugal force will be taken 
into consideration. It has also to be noted that the critical speed developed here is for the 
case of the micro-ball bearing resting on a rotating silicon plate without the top plate 
touching the balls. When the top plate is being brought to rest on the balls, as in the actual 
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experiments, the dynamics will be different and the critical rotational speed will also be 
different. However, we believe that the present analysis presents a worst-case scenario
under the current conditions of humidity (> 55%) and rotational speed (300 RPM and 
above) which the balls can still be attached to the surface without being thrown off. 
2.2.1 Critical Radius For Surface Bearings 
As objects becomes smaller in size, the surface to volume ratio increases. The 
dominance of gravitational force gives way to surface forces such as van der Waals and 
electrostatic forces. In humid conditions, the formation of a meniscus also results in two 
additional forces, namely, surface tension and viscous forces. For contacting bodies under 
humid conditions and low surface roughness, these viscous forces are dominant [51,52]. 
Figure 2.8 below shows an SEM image of a condensation around the contact area. 
Figure 2.8: SEM images of the contact region between the glass microsphere and the silicon 
surface, which shows a meniscus formation, believed to be that of the condensation of water 
vapour.
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For our groove-less ball bearing setup, the capillary forces, in addition to other 
surface forces, are responsible for holding the ball bearings onto the substrates. Test to 
characterize the large adhesion forces can be conducted by AFM, surface force apparatus, 
and even the centrifugal method [55]. Under humid conditions, capillary forces 
dominates, and at saturation or 100% relative humidity (RH), the capillary force of 
adhesion is given as [55]
θγpi cos4 LVRF = .                              Eqn 2.1
where LVγ  is the liquid/vapour surface tension, R is the radius of the sphere, and θ  is the 
solid/liquid contact angle (Fig. 2.9).
Figure 2.9: Schematic depicting θ , the solid/liquid contact angle for the meniscus of the sphere, 
flat interface.
Humidity and surface roughness are two factors known to affect the magnitude of 




asperity contact and dry adhesion is dominant. Above it, full capillary condensation 
occurs and capillary forces dominate. To account for this, Rabinovich [51] further 
















RF ,                          Eqn 2.2
where R  is the molar gas constant, RMS  is the root mean square roughness of the 
substrate, and T  is the absolute temperature in Kelvins. 
For the surface bearing micro-balls to stick onto the Si substrate, the surface force 
must overcome the gravity. For this, there is a critical radius ( cR ) below which the 
microsphere  will  adhere to  the surface  (See Figure 2.10 below).  The  critical  radius  is 
Figure 2.10: Diagram showing the effect of critical radius ( cR ) on the ability of the microsphere 
to adhere onto a surface overcoming gravitational force.
found when the force of adhesion equals the weight of the sphere. The theoretical cR




  R : radius of microsphere




increase substantially due to capillary effects. The cR  calculated here takes into account 
only the dry forces, namely van dar Waals. 
The equation for cR  is derived by equating the weight of the micro-ball to the 















where we have equated the weight of the ball to the surface force. Here, ρ  is the specific 
density of the ball’s material.  The specific density is the density of the ball’s material. 
The true density, which is the density of the ball, will be less than the specific density 
because the glass microsphere used in our case were hollow inside. For the polymer 
microsphere, air gaps might be present inside the sphere, making the true density slightly 
lower than the specific density. 



















Figure 2.11: Figure showing the effect of humidity on the critical radius, Rc.
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Using this model, we can find the cR  for the borosilicate glass balls used. Figure
2.11 shows the critical radius values before the capillary effect takes over at around 80% 
RH. This is consistent with the experimental results by Biggs et.al.[55].  All simulations 
are done with the software Matlab 7.0.
From the data sheet given, the density for the materials used for the microspheres 
are obtained as 1050 kg/m3 for polystyrene divinylbenzene and 2200 kg/m3 for
borosilicate glass. The theoretical cR  calculated is 234 and 300 microns for polymer and 
glass ball bearings respectively (Table 2.1). This means that for the experimental purpose 
and for the microspheres to adhere onto the silicon surface, we need to use microspheres 
of radius smaller than this. As a result, microspheres for the polymer and glass of radius 
50.7 and 53 microns respectively were purchased for the experiment.
Table 2.1: Table showing the theoretical radius for adhesion, and the actual ball size used for the 
experiment
Material of Ball c




Glass, borosilicate 300 53 mµ7.3±
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2.2.2 Critical Rotational Speed For Surface Bearings
A microsphere adhered at this point onto a rotating silicon plate, without the top 
plate pressing on it, is kept stationary by a rolling resistance ( rM ) that resists the 
resultant centrifugal dislodge force ( dF ) that acts in the radial direction of the plate away 
from its center (See Figure 2.12).
Figure 2.12: Diagram showing the various forces acting on a microsphere adhered to a rotating 
silicon plate by the surface forces.
The expression for the moment of dislodge on the ball, dM , due to dF  is given 
as 
RFM dd = , Eqn (4)
by taking moments of dF  about the contact at the bottom of the ball. Since dF  is 
dependent on the substrate’s rotational speed and the ball’s location from the substrate’s 
rotational center, dM can also be written as follows; 
XRmwM d
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where X  is the ball’s distance from the center of rotation, and w  is the rotational speed 
of the rotor. (Other dislodging forces that may be acting include the aerodynamics drag, 
but shall not be discussed at this point.) Currently, no analytical solution or model exists 
to satisfactorily describe the rolling resistance of a microsphere under capillary forces, 
but the model developed by Dominik and Tielens [61] for dry contact under van der 
Waals forces can be used to give a first-order approximate estimate of the rolling 
resistance. We are interested in the critical rotational speed of the Si plate, cw , below 
which the surface bearing can remain attached without being dislodged from the substrate 
due to centrifugal force. For this, the torque must be less than the rolling resistance. The 





= aFM r , Eqn (6)
where F  is the maximum force that can be applied without breaking the contact, and ξ  is 
the critical rolling displacement. This ξ is the distance a sphere may roll before
irreversible arrangement in the contact zone occurs. It can also be understood as the 
‘elastic limit’, beyond which the sphere will roll and not return back to its original 
position. Assuming a dry contact and a hard sphere theory, the DMT theory applies [49], 
and
γpiRF 4= ,          Eqn (7)
where γ  is the effective solid surface energy.






















          Eqn (8)
Using equation (8) and the following values of 
∧
a  as 1, ξ  as 3.2nm [45], 
2
D
X = . 
(where D , the diameter of the Si plate, is 15mm), ρ as 2020 kg/m3 and at 0% RH, we 
get the theoretical critical speeds for polymer and glass as 289 and 200 RPM 
respectively. However, a simple experiment conducted for the balls sprinkled randomly 
on the 15mm diameter silicon plate and rotated showed no sign of rolling/sliding off the 
silicon plate even at rotational speeds of 540RPM for both glass and polymer 
microspheres. This can be attributed to many possible factors. Under current room 
conditions (22oC, R.H. 60± 10%), capillary effects might be largely contributing to 
adhesion. From Eqn 2.2, page 19, we can see that the capillary adhesion force is a 
function of RMS, and since actual RMS was not measured, capillary force could be larger 
than that provided by the equation. For the case of glass, the complex nature of glass 
might include chemical reactions when interacting with the environment that can result in 
a further increase in adhesion forces [54]. Other surface forces such as electrostatics can 
also be present, which are not included in the calculations. 
As mentioned, the density value of the borosilicate glass obtained from the 
product catalogue is the true density, which is used in the model. The true density, which 
is the density of the ball’s material, will always be higher than the actual ball density due 
to holes or hollowness in the ball. Taking these factors into account will result in a higher 
value for cw . (It may be noted here that the above analysis did not take the vertical 
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normal load applied through the top plate which will effectively increase the resistance 
force against the dislodge of the microsphere. Thus, theoretically, the chance of the 
bearing ball getting dislodged from the plate will be even lesser when the two plates are 
holding the ball under a finite normal load in an actual ball bearing device.) Nevertheless, 
the models and estimates for cR  and cw obtained provide a guide for the ball selection 
process (diameter of the micro-ball) and the operating conditions (RPM of the Si plate)
for the groove-less ball bearings setup. Thus, a micro-ball can remain at the interface due 
to various surface forces if the diameter of the ball and the rotational speed are less than 




To conduct the experiments, a rotary tribometer was designed and constructed. 
The microspheres were purchased, and the circular silicon plates were cut and grinded to 
size. A microprocessor and a digital webcam were also used to aid in the collection of the 
data for the long lifecycle runs.
The sizes of the microspheres for the different materials were selected after 
conducting the numerical simulation based on the simple theoretical models described in 
Chapter 2. The value of Rc for the borosilicate glass and polymer microspheres gives 234 
and 300 microns respectively.
3.1 Experimental Setup
3.1.1 Micro Ball Bearings
Glass
The dry borosilicate glass microspheres, GL-0179, were obtained from MO-SCI 
Specialty Products, L.L.C., USA., with mean radius of 53 mµ7.3± , specific density of 
2200 kg/m3 provided by the manufacturer. 
Polymer
The dry polystyrene divinylbenzene, DC-50, were obtained from Duke Scientific
Corporation , USA. It has a mean radius of 50.7 mµ0.2± , specific density of 1050 kg/m3
and bulk density of 1200 kg/m3. 
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3.1.2 Flat Silicon Plates.
Silicon (Si) wafers 600 micrometers thick are obtained from a local supplier, 
Engage Electronics Pvt. Ltd., Singapore. 
3.1.3 Rotary Lifecycle Tribometer 
The setup (Fig. 3.1) consists of the rotary tribometer with maximum rotational 
speed up to 556RPM, a webcam attached to a microprocessor, and a humidity chamber 
for obtaining high humidity condition. Figure 3.2(a) shows a photo of the machine and 
Figure 3.2(b)  shows details of the components. 
Figure 3.1: Digital image showing the full setup.
The motor, a brushless DC type, is obtained from Oriental Motor Pte. Ltd. A gear 
head of gear ratio 1:25 is installed, giving the motor a rotational speed that ranges from 
28 to 556 RPM. The start-up acceleration of the motor is kept constant. The average dead 





Figure 3.2(a): Schematic of the rotary tribometer. The humidity cover and webcam are not 
shown in the diagram. (b) Exploded view of the setup near the top and bottom Si plates. Legend:
1: Movable stage connected to z-axis. 2: Freely rotatable dead weight load that rests on the 
surface bearings. 3: Deep groove macro-ball bearing, Model: 6800ZZ. 4: Spindle (free to rotate) 
attached to deep groove macro-ball bearings. 5: Cap on which TP is attached. 6: Screw to tighten 
cap (item No. 5) onto the spindle (item No. 4). 7: top circular silicon plate (TP). 8: 53 mµ7.3±
sized glass surface bearings between the Si plates. 9: bottom circular silicon plate (BP).  10:
Aluminum cap permanently friction welded to motor spindle. (Drawings are not to scale) (c)
Digital image showing the TP resting on the BP of the tribometer. The diameter of the Si plates 
are 15mm.
















measured by setting up the load and measuring it on the digital weighing scale. The 
deadweight load (item No. 2 in Figure 3.2) may vary considerably because a tilt of the 
top plate (TP, item No. 7) because this will change the position of the upward force. A tilt 
forward causes an increase in loading, but loading decreases when it is tilted backwards. 
This means that a varying load may act on the ball as it rolls round the circular path. The 
bottom plate (BP, item No. 8) is rotated   using  a   brushless  DC  motor while the TP 
rested with glass microspheres in between (Fig. 3.3). The TP is fixed to a macro-deep 
groove ball bearing obtained from Koyo Seiko Co., Ltd. (Model: 6800ZZ JIS/ISO 
standards) which allows for the freedom of rotation about the z-axis. Since the rolling 
friction of the surface bearing is even lower than the macro bearing used for the TP, no 
torque can be measured under normal surface micro-ball rolling conditions. 
Figure 3.3: Digital image showing the TP and BP separated by a small gap due to the glass 
microspheres in between the two silicon disc.
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Therefore, during a normal run, the TP would remain stationary while the BP is 
being rotated with the micro-balls rolling in between. The rolling of the surface micro-
ball bearings results in extremely low friction between the Si substrates. However, TP 
rotation may occur only when ball failure or Si plates rubbing at the edges causes 
momentary periods of high friction. 
As it is important for the rotating plate to have minimal wobble (See Appendix 1) 
during the run, it is crucial to design for a wobble free rotating BP. This is achieved by 
using a simple method devised here to adhere the BP onto a flat aluminum platform 
attached to the motor spindle (Fig. 3.4). The surface of this platform attached had been 
flattened  by pressing   down  a  sandpaper  attached  onto a  flat  surface using the z-axis






while  the motor is being rotated. This allows for a flat platform for the silicon substrate. 
A double sided tape is carefully attached to the platform. A tweezer is then used to 
carefully peel off the sticker before pressing the BP onto it. Now, to ensure that the TP 
will also have low relative wobble with respect to the BP, the TP must first be aligned 
with BP. The TP is first adhered to the cap (item No. 5) using double sided tape. The
items are then pushed into the spindle cap (item No. 4) connected to the macro bearing. 
The TP is then brought down to completely contact the BP (Fig. 3.4).  The TP now needs 
to be locked tight with the spindle. This is done by tightening two screws (item No. 6) 
around the cap. While doing so, alignment is ensured by constantly aligning the two 
plates together while the TP is rotated around for the screws to be tightened. When 
properly aligned, a strong adhesion force can be felt while trying to separate the 
contacting bottom and top Si plates. To ensure proper alignment, this ‘force’ is checked 
again at different TP orientations to finally ensure that they are in parallel alignment.
3.2 Experimental Procedure
3.2.1 Preparation of Silicon Plates
New silicon plates (TP and BP) are attached for each new run. To remove any 
contamination on the silicon surface, an acetone soaked cotton wool is used to wipe the 
surface. The internal macro bearing of the TP is occasionally lubricated with oil to 
prevent it from failing inadvertently during the run. Care is taken to avoid the oil from 
entering the Si plates. To shape the silicon test plates into a circle, 16mm x 16 mm Si 
wafers are adhered to the face of a cylindrical holder made of brass using double sided 
tape, and the excess Si regions are ground away using a coarse grade sandpaper. Finer 
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grade sandpaper can then be used to smoothen the edge of the disc. A protective layer of 
masking tape covers the Si disc during grinding to protect the surface from any scratches. 
Water is allowed to flow during the process to reduce any thermal effect during grinding 
and at the same time to remove the silicon debris.  Figure 3.5 shows the before and after 
of the grinded silicon.
Figure 3.5: The approximately 15 by 15mm diamond cut piece is double sided taped onto the 15 
mm diameter brass holder and grinded by sandpaper to the circular Si bead.
3.2.2 Fabrication Of The Main Channel 
To create the circular grooves on the silicon plates, the following procedure was 
carried out: the test chips were fabricated in the central cleanroom of IMRE (Institute of 
Materials Research and Engineering), Singapore. The fabrication process began on a P 
type (100) silicon wafer (p=10 ?-cm, thickness is 435?m). The lithography process step 
defines both the silicon trenches and the scribing marks.  After HMDS treatment 
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following process parameters: Spining at 5000 rpm for 30sec, and baking at 95°C 
hotplate for 30sec. Exposure was done by mask aligner (Karl Suss MA8 Mask aligner) 
with 12 sec exposure at 10mW/cm2, and the exposed photoresist was then developed in 
the AZ developer (1:1 to DIW) for 30 seconds.  To keep the precise shapes of circular 
trenches, no hard baking was performed after photoresist developing. 
A Deep Silicon Reactive-Ion-Etching (DRIE) was subsequently conducted with 
photoresist as the mask layer. The equipment used was the Oxford Plasmalab ICP180 
Etch system (Oxford Instruments). Both the circular trenches and the scribing marks were
precisely fabricated with the depth of 28um after DRIE process. The photoresist was
subsequently removed by acetone and IPA. Chip Dicing is performed on DAD320 Dicing 
system (Disco). With the clear dicing marks, the silicon substrate was cut and the 
identical silicon chips are produced. Dicing was done to keep the chips in the same 
condition before the runs. The final dimensions of the channel was a 2.5mm wide channel 
with internal diameter of 6mm, 28 microns deep (Fig. 3.6).
Figure 3.6: Schematic (not drawn to scale) of channel in silicon plate acting as the bottom plate 
for the microspheres to roll in. Dimensions of the Si disk and the channel were as follows: 
channel width of 2.5mm, depth of 28 microns, and internal diameter of 6mm.
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3.2.3 Transference Of Glass/Polymer Microspheres To Flat Bottom Silicon Plate
To transfer the micro-balls onto the flat silicon plate, a thin strip of paper is folded 
into half and used as an item to transfer, deposit, and disperse the balls. Weighing of the 
balls is first done by slowly depositing them carefully onto a silicon plate A (approx. 6cm 
x 1.5cm) placed on an electronic weighing scale. gx 510222 −±  of balls were used for 
all the runs. After weighing, the balls are transferred from plate A onto another Si plate B 
(approx. 6cm x 1.5cm). 
Dispersion is now done on plate B by lightly tapping the agglomerates with the 
strip, causing it to break up into smaller agglomerates and individual balls. Due to a high 
number density of balls on a limited dispersion area on plate B, the efficiency of 
dispersion is low. This will lead to poorly dispersed balls with high effective masses and 
a low dispersion factor (DF) (See Appendix 2 for the definition of DF).
The poorly-dispersed balls are transferred back to plate A again before finally 
depositing them to the circular Si test plate. To achieve well-dispersed balls, the balls are 
first deposited onto only one half portion of the plate B. The other unoccupied half 
portion will be used to disperse small portions of balls being brought over from the 
opposite side. The larger dispersion area now allows for a more effective dispersion. 
Chances of dispersed balls coming together again to recombine is also lesser. The small 
portion of well dispersed balls are transferred to plate A for deposition onto the test plate. 
This is repeated until all the balls are deposited onto the test plate. 
35
The DF for poorly-dispersed balls is 05.064.0 ± , compared with 0.83 for the well-
dispersed case. Figure 3.7 shows samples of a well-dispersed and a poorly-dispersed 
array of micro-balls on a Si plate.
Figure 3.7(a)i Well dispersed image taken by SEM showing majority of the spheres either singly 
or doubly agglomerated. (a)ii Poorly dispersed image showing majority of the spheres in large 
agglomerates.  (b) SEM images showing balls adhered onto a Si substrate that is tilted almost 
vertical. (i) Image shows effective masses of between 1 to 2, typical of a well-dispersed case. 
Indicated is also a ball that is deviant from the average diameter. (ii) Balls showing a variety of 
effective masses. The large agglomerates are typical of a poorly-dispersed case.
To transfer the balls onto the silicon plate with channel, we dispersed balls onto 
the silicon surface, and used a piece of paper to sweep the balls into the channel. A 





of deposited balls ranged from about 100 to 200, with an average of 150 micro-balls with 
micro-ball density of 0.85 balls/mm2.
A humidity level of above 70% is used throughout the tests to achieve the 
capillary effect. After deposition of the balls, the dead weight load (or TP) is brought 
down to gently rest on the balls. Next, an acrylic enclosure made using acrylic sheets 
attached together by screws is used to cover the tribometer from all sides for humidity 
control. 
The polymer microspheres are transferred to the bottom silicon plates in two 
ways. One of which is done by weighing gx 510222 −±  of the polymer balls in the 
electronic weighing scale. It should be noted that due to the difference in density between 
the glass and polymer material, a larger amount of polymer balls are deposited at each 
time. Due to the difficulty of estimating or counting the large number of balls, the weight 
is used here as a factor to be held constant. 
3.2.4 Transfer Of Glass/Polymer Microspheres On Channeled Silicon Plate
For deposition of balls onto the channeled silicon plate, a different process is 
used. The reason is because due to the small channel size, a smaller number of balls have 
to be deposited to prevent overcrowding in the channels, which will definitely hinder the 
rolling process. For both glass and polymer cases, the number of balls deposited are kept 
within the range of 100 to 200. 
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To obtain the above-mentioned average number of microspheres, a micrograph 
image is first taken, printed out, and can be referred to as a guide whenever preparation of 
the balls are done. The balls are deposited onto a small silicon piece (9x11 cm) and then 
visually compared to the printed image (See Figure 3.8 below). They are then taken to a 
low magnification camera. An image is taken and printed out and the balls are then 
physically counted. The run will proceed only after this control procedure is done, 
meaning that the number of balls are in the range of between 100-200. 
Figure 3.8: Low magnification image of the balls on the silicon plate for counting before 
deposition into the circular groove.
3.3 Humidity Control
A humidity control chamber has been built to obtain high humid conditions. 
However, current experiment results show that the effect of humidity does not change 
much above 55% R.H. (ambient level of humidity). This is due to the observation the DF 
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has a more dominating effect than humidity under the current experimental conditions, ie, 
number of balls used, ball sizes, rotational speed, etc. The method for constructing such a 
chamber and the means for controlling the humidity is explained below (Fig. 3.9).
Figure 3.9: Photographs showing the setup without the humidity chamber (left) and with the 
chamber (right). 
The humidity level in the chamber is raised by bubbling air into a bottle of water 
and feeding the bubbled air into the chamber. The RH is raised to about 85(± 1) % before 
the pump is switched off. The RH is then allowed to drop to a lower equilibrium level of 
about 75% before allowing the run to begin. This allows relaxation of the glass 
microsphere’s surface. A bottle of water is left in the chamber to keep the RH from 
dropping to below 70%. Due to this, the RH slowly creeps up as the run progresses but 
stays within 70-75%. Runs were conducted in both ambient and high humid conditions 
and the lifecycle results will be discussed in Chapter 4.
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3.4 Recording And Determination Of Failure Of Run
To record the long lifecycle of the micro-bearing, a digital webcam is used to 
record the process by using a time lapse function that captures an image every 4 seconds 
interval (Fig. 3.10). It is then converted into a video and can be analyzed later to 
determine the lifecycle. 
Figure 3.10: Four webcam image set at 4 seconds interval used to calculate the lifecycle. The 
blue arrow shown in Figure 3.10iii indicates the onset for the end of the test. We can see the onset 
because in Figure 3.10iii and Figure 3.10iv, the screw can now captured as spinning.




stationary. Screws remain 
stationary.
Screws are 
rotating. Screws are 
rotating.
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A run is considered to have failed when one of two things happen:
i) when all the ball-balls have completely left the surfaces. This 
occurs when the two plates come into contact, and can be observed by the 
video image through the webcam,
ii) when the TP persistently keeps turning due to rubbing of the 
silicon surfaces. This may happen because of poor alignment of the top and 




4.1 Effects Of Humidity
Initial runs with borosilicate glass balls were conducted on silicon plates to test 
out the effects of humidity. The dispersion factor for both runs were low. Runs were 
conducted at 300RPM at room temperature of )1(22 ± Co . Low relative humidity 
(LRH) is considered to be an average of 55%. High relative humidity (HRH) is 















Figure 4.1: Lifecycle runs at ambient humidity (LRH), approximately 55% R.H. and at high 
humidity (HRH), 70% R.H. and above.
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The results from the two runs does not seem to indicate any strong effects from 
the relative humidity considering the scatter of the data. There is a slightly improved life 
for the high humidity condition. However, such a small difference can be ignored due to 
other factors which at the moment, cannot be accurately quantified, example, the exact 
number of balls deposited for each run, the exact degree of wobble, and arrangement of 
the balls during deposition, etc.  Therefore, we conducted all of the tests at HRH (70-
75%) to maintain a reasonable level of adhesion throughout.  
4.2 Lifecycle Runs 
Lifecycle runs were conducted for glass and polymer balls on flat and channeled 
silicon plates. Set 1, 2 and 3 were conducted for glass microspheres on silicon. Set 4 and 
5 were runs for polymer microspheres on silicon. All runs were conducted under room 
temperature of )1(22 ± Co  and repeated at least three times to obtain an average value for 
the life-cycle. Test conditions are summarized in Table 4.1.
Table 4.1: Table for the specifications for the 5 set of runs. Set 1 was poorly dispersed. Set 2 was 
well dispersed. Set 3 was run conducted in a channel. For set 1 to 3, glass microspheres were 
used. Set 4 and set 5 were conducted with polymer microspheres. Set 4 was conducted without 
channel, and set 5 with the balls rolling in the channel.
Set









Material of ball Glass Glass Glass Polymer Polymer
Ball size 53 53 53 51 51
Silicon plate type Bare Bare Channel Bare Channel
Weight of balls/ g 510)2(22 −± x 510)2(22 −± x 510)2(22 −± x
Number of balls N.A. N.A. )50(150 ± N.A. )50(150 ±
Rotational speed/ 
RPM
300 300 500 500 500
Load 235 Nµ
Temperature/ Co )1(22 ±
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Set 1
Approximately 510)2(22 −± x grams of poorly dispersed glass microspheres deposited. 
Set 2
Approximately the same amount of well-dispersed glass microspheres were deposited. 
Some of the runs in set 2 needed to be halted and continued due to the long operating 
conditions. This start/stop cycles do not seem to have any effect on the lifecycles.
Set 3
The runs were conducted in a wide channel 2.5mm wide (3mm ID) and 28 microns deep 
for the micro-ball bearings to roll in. The glass balls were deposited on the bottom silicon 
plate with the channel. The purpose of the channel is to contain the balls in their rolling 
paths and to prevent them from rolling off the plates, as compared to the totally planar 
system. Significantly fewer balls, approximately )50(150 ± , were deposited than compared 
to set 1 and 2 due to the smaller channel space for the balls to roll in.
Set 4
Polymer balls weighing 510)2(22 −± x  grams were deposited. 
Set 5
Polymer balls, approximately )50(150 ± , were deposited inside a wide channel 
















Figure 4.2: Lifecycle results for the 5 sets of runs. Set 1 was poorly dispersed. Set 2 was well 
dispersed. Set 3 was run conducted in a channel. The experiment is stopped when the lifecycle 
exceeds 1 million cycles. For set 1 to 3, glass microspheres were used. Set 4 and set 5 were 
conducted with polymer microspheres. Set 4 was conducted without channel, and set 5 with the 
balls rolling in the channel.
4.3 Description of Lifecycle Runs 
The lifecycle will now be described below, with associated physical observations 
to qualitatively explain the running and failure of the micro-balls. The results of the 5 sets 
of run are summarized in Figure 4.2 above, where microspheres rolling in channel gave 
the highest and most repeatable lifecycle, and polymer microspheres rolling in channel 
produced the lowest lifecycle.
Set 1: Poorly dispersed balls (low DF), flat silicon plates. Wear tracks of balls on Si 
plate 
All runs exceeded 
1 million cycles. 
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The averaged lifecycle for set 1 is 0.065 million cycles. Observation of the Si surface 
under optical microscope for Set 1 after the balls had completely left the surface 
(complete failure) shows evidence of brittle-like failure as well as adhesion failure. Glass 
debris and ball tracks are formed as seen in Figure 4.3(a). The figure shows some glass-
like debris, believed to be due to rolling cyclical fatigue and fretting. The glass-like stains 
shown in Figure 4.3(b) are adhesion wear tracks, believed to have been caused by 
softening of the micro-ball surface after prolonged rolling cycles. Under the invertor 
image, the glass debris appears as  bright spots whereas the adhesion stains do not appear 
as  bright under the same magnification, as seen in Figure 4.3(c). The difference could be
Figure 4.3(a) Micrograph image of glass debris and glass stains (b) A further 3x magnification of 
the debri and stain.  (bi) Inverted image of glass debris showing up as bright spots.  (bii) Inverted 
image of stains do not show up as bright. (c) Inverted micrograph of the silicon plate after the 









because the glass has undergone plastic flow together with some physical and chemical 
changes for the stains, which alters the optical and physical characteristics, and hence, 
does not reflect the light as well when compared to the debris which are broken pieces of 
the glass balls.
Sets 2: Well Dispersed Balls, Flat Silicon Plates (High DF). Wear And Melt Tracks 
Of Balls 
Set 2 is the set where the balls are well dispersed (high DF). The high dispersion 
increased the lifecycle by approximately 5.8 times, with an average lifecycle of 0.38 
million cycles. The DF is the critical factor differentiating this run from set 1, and is 
evident by the longer average lifecycle.
The large scatter in Set 2 may be due to the following reasons; 
• The uniqueness of the distribution of each run; at present it is not possible to 
obtain the same DF for all the samples.
• the size distribution of the balls, which causes the TP that rests on the balls to 
have some tilt; this is because a small number of micro-balls may have different 
diameters than the rest.
Furthermore, the way the balls dynamically organize themselves while rolling is 
unique for each test.
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Set 3: Balls Rolling Within Channeled Silicon Plate (Bottom). Wear And Melt 
Tracks Of Balls
For Set 3, a circular channeled bottom silicon plate and a flat top silicon plate is 
used. The main mechanisms responsible for the removal of the glass balls in set 1 and 2 is 
the  spiraling of the balls outward due to non-circular rolling paths due to possible balls 
collision. For each failed runs in set 1 and 2, micro-balls were found outside the plate. 
Hence, one wide channel was made on the bottom Si plate to effectively contain the balls 
within the interface. The run is deemed to be over at 1 million cycles even though 
lifecycle over 1 million can still be recorded. The reason for stopping the test here is due 
to the long test duration. Glass melts and solidification of the melts are also observed at 
few places inside the channel, which does not seem to affect the friction coefficient of the 
system. 
Set 4: Well Dispersed Polymer Balls Rolling On Flat Silicon Plates (High DF). 
When using polymer balls, the hydrophobic nature of the balls reduces the 
prevention of the formation of cluster. Therefore, the distribution of the polymer balls on 
the silicon plates is excellent, leading to a high DF. However, despite high dispersion of 
polymer micro-balls on the Si plate, the life cycle for Set 4 was only 0.079 million. 
The polymer balls have a lower elastic modulas and will deform more easily than 
the glass balls. Therefore, the shape of the polymer microsphere changes into an 
elongated cylindrical rod type immediately after the run starts. Interfacial heating may 
have helped in the deformation, however no trace of melting of the polymer balls was 
observed. The dominant mechanism for the polymer ball is the deformation of the ball 
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itself, resulting in the change of its shape into a cylindrical one. This change in the shape 
forces the polymer cylinders to move in a linear fashion rather than on a circular path.
The two factors, shape change due to deformation, and a low density, does not aid 
the rolling process very well. In fact, these two factors, with the change of shape being 
the dominant reason, seems to cause massive dislocation of the polymer particles from 
the flat silicon plates during rolling.
Set 5: Polymer Balls Rolling Within Channeled Silicon Plate (Bottom).
Due to the relatively low elasticity of the polymer balls, and the fact that lesser 
balls are used than compared to set 4, permanent plastic deformation of the balls is almost 
immediate upon the start of rolling. The deformation of the polymer balls easily into 
cylinderical rod-like shape has the following effects;
1. the height of the different polymer balls will be vastly different, 
leading to a large deviation of height with possible tilt of the TP.
2. as time progresses, the ‘separation distance’, d, between the top 
and bottom silicon plates gets closer and closer with eventual contact between 
them.
The presence of the channel brings the two silicon plates closer together 
compared to the set 3, where the glass ball bearings are more robust and do not deform 
immediately upon contact with the TP. As a result, the system will be more sensitive to 
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any tilts of the TP. Consequently, the lifecycle of the run will be shortened due to the 
increased sensitivity of the system to any misalignment of the top and bottom plates.
The polymer balls in set 4 and set 5 showed no signs of melting. The main reason 
could be due to the low rolling lifecycle of polymer balls. Due of the relative ease by 
which the polymer balls can be deformed from spherical shape to cylindrical shape, the 
cylindrical shape is not conducive for rolling in a flat circular path. Hence, due to the 
inability of the individual polymer bearings to roll long enough on the silicon surface, the 




To understand the various factors affecting the lifecycle runs for micro-ball 
bearings, tests must be carefully planned, controlled and carried out. In addition, the 
conducted runs must be differentiated by factors which will have a substantial difference 
in the lifecycles. Lastly, the factors and the manner in which the factors are to be 
analyzed must be simplified in order to properly qualify them. The different factors are 
inherent in the different set of runs described in the previous chapter. In this chapter we 
will discuss different factors that affect the life-cycle of a surface micro-ball bearings.
5.1 Factors Affecting The Lifecycle For Glass Microspheres
5.1.1  Alignment And Stability Of Test Plates
The alignment of the two plates is a prerequisite for any of our lifecycle tests to be 
meaningful, for both the tests with and without channel. A large wobble of either the BP 
or TP will result in Si plates rubbing at the edges, causing high friction and rapid ball 
dislodge (See Appendix 2). This type of instability of test setup have been reported by 
Beerschwinger et al.[17] in earlier linear tests, hence, resulting in a poor lifecycle. To 
obtain a stable setup, the TP should not be allowed to rest freely on top of the balls. 
Rather, while resting on the balls, the plate’s motion should be allowed to rotate only 
about the z-axis and restricted in all other directions. Otherwise, the TP will be unstable 
and due to the low rolling resistance of the bearing balls, can easily slide out of position 
and finally contacting the BP at the edges.
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Another challenge to alignment is the size distribution of the balls. Due to a size 
variance, the TP resting on the balls might be tilted at an angle at some point of rotation. 
A probability exists for the TP to actually come into contact with the BP near the edges. 
If this happens, rubbing will occur during the run resulting in high friction and a quick 
dislodge of the balls. Occasionally, this also leads to a wobbling motion of the TP. Using 
ball bearings of a more uniform size distribution will reduce this problem. Such factors 
need to be seriously considered when conducting lifecycle tests and when implementing 
the surface micro-ball bearings in the future micro-machines.
5.1.2  Dispersion Factor
The concept of dispersion factor, or DF, has been introduced and successfully 
tested and have shown meaningful results. Set 1 which had lower DF showed lower 
lifecycle compared to that of set 2 given all other parameters fixed.
A lower DF implies that there are many clusters of balls with a high effective 
mass. Due to the strong surface forces acting, colliding balls adhere together upon 
contact. Therefore, a node contacting into a rolling ball can cause the ball to adhere to it, 
increasing the overall effective mass. This increases the chance for the agglomerate as an 
entity to exceed the wc, critical rotational speed and more importantly, to interfere with 
each other’s rolling motion. This process is expected to account for the rapid dislodge of 
balls from the silicon plates. In conclusion, a high dispersion factor leads to lower 
effective masses and consequently, a longer lifecycle.
For runs conducted on flat silicon surfaces, DF after micro-ball deposition greatly 
affects the lifecycle and there is a positive relationship between DF and lifecycles. During 
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the run, the balls can still agglomerate together, and effective mass can increase. Hence, 
ways to prevent or reduce the agglomeration of the balls will be useful.
5.1.3. Channel
The channel for the bearing balls act as barriers to prevent the balls from rolling 
off the plates. The balls rolling in the channel in Set 3 clearly shows that it helps prevent 
balls from rolling off the plates. This type of single wide channel is easier to fabricate and 
even few micron diameter ball can be deposited in a channel without much problem. The 
role of the channel is to contain all the balls within its two walls during the rolling 
operation. In addition, it also increases the stability since the glass balls are now 
conformed to roll in pre-determined circular paths. Furthermore, the increased stability 
also means that less glass microspheres need to be deposited onto the plate to achieve the 
high life cycle.
5.1.4. Wear Of Micro-Balls
Wear of balls causes the formation of glass debris on the Si surface. This may 
interfere with the rolling motion of the balls, causing skidding, collision, agglomeration, 
and eventually dislodge. In addition, ball sphericity is also jeopardized due to wear. 
Therefore factors, such as DF, need to be well controlled to sustain an optimum ball 
distribution density of balls on the Si plates so that long sustained rolling cycles can be 
achieved. In addition, channel helps to keep the ball bearings rolling confined to the Si 
surface. Melting of the balls during rolling and the formation of a non-solidified melt 
layer causes boundary lubrication, that minimizes wear to an extent. When the melt layer 
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solidifies, however, it will not serve to minimize wear, but rather, act to increase abrasive 
wear. 
5.1.5 Melting Of Glass Microspheres
During prolong rolling of the borosilicate glass microspheres, melting of the glass 
surface is observed. It has been reported in the literature [48,49] that under conditions of 
high humidity and contact pressure, the surface of glass undergoes changes that lowers its 
viscosity, known as “hydrolytic weakening effect”. This lowering of glass viscosity effect 
is similar to the effect of melting as it makes the glassy phase more mobile. As both of 
these conditions are prevalent in all the runs, it accounts for the observed phenomenon. 
High temperature is not the only factor for the lowering of the glass viscosity, since 
increased pressure can also cause melting at the glass surface.
5.1.6 Lubricating Effects
Figure 5.1 shows some viscous-looking glass stains when the glass microspheres 
Figure 5.1: Micrograph image showing low viscous-glass melt stains on silicon surface when 
pressure is applied to the glass balls and rolled gently. The melt layer separates the ball from the 
silicon surface, and is believed to have some lubricating effect.
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are in between a glass and a silicon piece and some pressure is applied with gentle rolling 
of the balls. The melt layer of the glass that forms on the silicon surface due to pressure 
can act as a mixed lubricating layer separating the ball and the substrate, similar to that of 
the boundary lubrication. Hence, this greatly reduces wear. 
Figure 5.2 shows FE-SEM images of the solidified glass melts in Set 3. Figure 5.3 
(next page) shows the EDX profile of the solidified glass melts images. The glass ball is 
confirmed by the presence of aluminum and traces of carbon and oxygen. The glass stain 
is confirmed by the traces of carbon and oxygen. These glass debris is believed to 
increase wear due to abrasive action when in solid form, however, in semisolid or liquid 
form, they can have lubricating effect. This could be the reason for extremely high rolling 
cycles despite the fact that molten glass stains were found inside the channel area.
Figure 5.2 (a) FE-SEM images of glass melt stains. (b) Glass melt stain and solid glass debris. 
(c) High magnification at a spot on the glass stain, showing the fracture of the solidified glass 
stain.
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5.2 Factors Affecting The Lifecycle For Runs Of Polymer Microspheres
5.2.1 Deformation Of Polymer Microspheres
The main characteristic of rolling the polymer ball bearings is the plastic 
deformation of the ball from spherical to cylindrical form (Figure 5.4). This cylindrical 
motion does not promote the rolling in a rotary fashion in the current conditions. Hence, 
the outcome for the polymer microspheres in set 4 will probably result in a spiral or even 
linear dislodge out of the Si surfaces.
Figure 5.4: a: Fe-SEM images of the polymer balls taken after a few cycles of rolling at 85 times.




The deformation of the ball is so severe for the current loading conditions such 
that the top and bottom silicon plates quickly become misaligned upon the start of the 
run.   As a result, the lifecycles are shorter when the polymer balls are rolled in the 
channel than on the bare silicon plates because the separation distance between the top 
and bottom silicon plate is 28 micrometers lesser due to the balls resting in the channel 
(See Figure 5.5 below). The high instability of the polymer runs is evident for the low 
lifecycle results for set 5.
Figure 5.5: Illustrations showing the separation distance between the top and bottom silicon 





Surface force enabled micro-ball bearing technology has been tested with balls 
rotating between two 15 mm circular Si plates(wafer), with and without a channel on the 
surface of the plate. 53 mµ  diameter glass and 51 mµ  diameter polymer microspheres 
rolling on rotating silicon substrates reduces friction and wear. Both materials of micro 
bearings exhibit extremely low friction properties due to rolling as well as the ability to 
adhere onto the substrate due to surface forces alone. However, the glass micro bearing 
rolling in channel shows superior lifecycle performance because they have proved to be 
more robust due to high stiffness and softening/melting temperatures. Polymer 
microspheres did not perform as well under the current conditions using the rotary 
tribometer tester built in this research. Many important observations are made. Micro-ball 
bearings reduce the friction in humid conditions (R.H above 55%) effectively, and the 
glass microspheres rolling in a large channel increases the lifecycle substantially.
A simple model is used to determine the theoretical critical radius for different 
materials, below which, adherence of the microsphere onto the silicon surface under 
stationary conditions will occur. That is, the surface forces can overcome the 
gravitational force if the radius of the micro-sphere is equal to or lower than the critical 
value. The next important parameter is the critical rotational RPM of the silicon disk, 
above which the micro-ball bearings will be dislodged outwards due to the centrifugal 
force. 
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Important factors such as critical ball radius ( cR ), presence of a channel, 
dispersion factor, critical rotational speed ( cw ), wobble, and number of balls, and ball 
material, are all crucial factors affecting the lifecycle of the micro-ball bearing. Rolling 
cycles exceeding 1 million is consistently obtained for the glass microspheres when the 
balls are rotated within a 28 micron deep, 2.5mm wide (3mm internal diameter) channel 
fabricated on the bottom Si plate. The runs for polystyrene (polymer) balls under similar 
conditions do not show promising results because polymer balls are less robust, and 
hence deform plastically. 
These preliminary results with micro-ball bearings on silicon shows that glass ball 
bearings rolling in a channel is a promising technology for increasing lifecycle of micro 
machines. This is especially so since real MEMS rotating components wear fast [63,64]. 
Hence, this work shows the potential of incorporating micro-balls into MEMS devices for 
increasing lifecycle. The results also show that a main channel alone is enough to 
encapsulate and provide ideal rotation of the micro-ball, and achieve an impressive 
lifecycle of 1 million or more. It also shows the importance of the material of the micro-
ball due to a possible boundary lubrication mechanism phenomenon associated with the 
surface melting of glass micro-ball due to pressure. Glass microspheres and a wide main 
channel can be suitably and easily implemented into actual MEMS devices since it shows 
the most promising way of solving the tribological problems of stiction and low life 




These preliminary results calls for further investigation of glass and polymer 
microspheres rolling in conditions listed below
1. flat silicon with 
i. reduced load
ii. increased rotational speed 
iii. smaller circular silicon diameter
7.1 Incorporating The Ball Bearings With Journal Bearings
The micro ball bearings can serve first to prevent stiction. During rotary motion, 
the ball bearings can serve as lubrication and friction reducers. Once the rotary 
component have increased in rotational speed sufficiently, the journal bearing can take 
over.
Figure 7.1: Schematic of the MIT microengine, showing the air path through the compressor, 
combustor and turbine. Forward and aft thrust located on the centerline hold the rotor in axial 
equilibrium, while a journal bearing around the rotor periphery holds the rotor in radial 
equilibrium.( Diagram courtesy of [65] with permission from the publisher)
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7.2 Depositing Of Micro Or Nano Bearings Onto MEMS Interfaces
MEMS technology has also allowed the building of micro/nano probes[72]. These 
probes can also be successfully used to carry MEMS ball bearings, positioned, and 
deposited onto MEMS interfaces.
Figure 7.2: A Microfabricated silicon neural probe arrays used in neuroscience for probing. 
(Source: Kewley. et al. [73] with permission from the publisher)
In summary, the other possible ball deposition techniques which need to be 
considered are mentioned below:
i. Pushing the microspheres onto the silicon surface via an opening in 
the surface itself, with the aid of a microtube 
ii. Using prearranged beads in an array pattern to press deposit the 
microspheres onto the silicon plates. In this way, quantifying of the 
microspheres can be more easily done.
iii. Incorporation of some or all the above techniques for 
experimentation with real MEMS devices. 
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1Appendix 1
The wobble is defined as the relative angular displacement between the TP and BP. 
When there are balls between the Si plates, the different ball sizes cause the TP to rest at 
a tilt relative to the BP (see Figure 1.1). A wobble can also come about when the BP is 
not flat to begin with but has an angle relative to the horizontal plane (see Figure 1.2). If 
this angle is large enough, it can cause touching of the Si plates near the end, and result in 
high friction when the BP rotates. The configuration for the minimum angle of wobble 
achievable to not cause the plates to touch is when the TP is resting on a ball at the ends 








tan 1 , 
where D  is the diameter of the Si plate. The lowest value of cθ  should be used, and 
occurs when we use the lower limit of the ball radius. Since the size of the balls is given 
as mµ7.353 ± , the lower limit is mµ3.49 , which gives a cθ  value of approximately 
0.19o. Any wobble above cθ  will be considered a large wobble, since ideally the wobble 









Dispersion Factor (DF) and mean the effective mass ( x ) are quantities that can be used 
to describe the quality of the dispersion of deposited bearing balls on the bottom plate 
(BP). Due to the large surface to volume ratio of the balls, the strong surface force causes 
agglomeration of the balls. To quantize this effect, we introduce the above two quantities. 
The relationship between DF and x  is given as by 
( ) 1−= xDF .
x  is determine by counting and averaging the mean size of the balls and agglomerates 
deposited on the Si plate. To get DF values for poorly and well-dispersed cases, we 
emulate actual deposition conditions by weighing gx 510)2(22 −± of balls and 
depositing them on the Si substrate used for a BP using the methods described in the 
paper. 5-7 SEM images are then taken using magnification of about 27. To tabulate the 
frequency of the various mean masses, we print out the image and strike out the 
balls/agglomerates as effective masses and its frequencies of occurance is noted. The data
for the images taken to represent the dispersion of the particular plate is tabulated using 












1 , where Ni ≤≤1
Here, x  represents the number of balls in a particular agglomerate where the subscript i
denotes the number( i =1 means the ball is singly dispersed, and 7x  = 7 ), f  is the 
frequency of occurance (eg, 7f  is the number of times counted for the agglomerate of 
size of 7 balls), and N  represents the largest observed agglomerate size. For poorly-
dispersed balls, N  is around 12-15 while it is around 5 for well dispersed balls.
To avoiding double counting, overlap regions of the images are striked out. A ballpoint 
pen is used to dot out locations on the Si plate. Deliberately imaging with the pen mark 
can help to identify regions of overlap. 
Three samples for each dispersion mode are taken. The respective effective masses for 
the plates are averaged to provide an estimate for the DF . The DF  for poorly-dispersed 
is 05.064.0 ± , and is higher for well-dispersed, at 0.83. As we approached DF of 1, 
we start getting more singly dispersed balls. A DF  of 1 means that there is no 
agglomeration, and that all the balls are dispersed perfectly.
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plot(X, w1, X, w2);
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